Talmadge, Robert J., Roland R. Roy, and V. Reggie Edgerton. Distribution of myosin heavy chain isoforms in non-weight-bearing rat soleus muscle fibers. J. Appl. Physiol. 81(6): 2540-2546.-The effects of 14 days of spaceflight (SF) or hindlimb suspension (HS) (Cosmos 2044) on myosin heavy chain (MHC) isoform content of the rat soleus muscle and single muscle fibers were determined. On the basis of electrophoretic analyses, there was a de novo synthesis of type IIx MHC but no change in either type I or IIa MHC isoform proportions after either SF or HS compared with controls. The percentage of fibers containing only type I MHC decreased by 26 and 23%, and the percentage of fibers with multiple MHCs increased from 6% in controls to 32% in HS and 34% in SF rats. Type IIx MHC was always found in combination with another MHC or combination of MHCs; i.e., no fibers contained type IIx MHC exclusively. These data suggest that the expression of the normal complement of MHC isoforms in the adult rat soleus muscle is dependent, in part, on normal weight bearing and that the absence of weight bearing induces a shift toward type IIx MHC protein expression in the preexisting type I and IIa fibers of the soleus. contractile proteins; fiber type; gravity; hindlimb suspension; spaceflight SPACEFLIGHT (SF) and hindlimb suspension (HS) result in decreased load bearing by the ankle extensor muscles of rats (22, 29, 36) . SF and HS also result in muscular atrophy and increases in the proportion of fibers containing type II (fast) myosin heavy chain (MHC) isoforms in predominantly slow postural muscles (i.e., soleus) (18, 22, 29, 36) . The slow oxidative regions of mixed muscles (such as the medial gastrocnemius) also show increases in the proportion of fibers containing type II MHC in response to HS or SF (15).
SPACEFLIGHT (SF) and hindlimb suspension (HS) result in decreased load bearing by the ankle extensor muscles of rats (22, 29, 36) . SF and HS also result in muscular atrophy and increases in the proportion of fibers containing type II (fast) myosin heavy chain (MHC) isoforms in predominantly slow postural muscles (i.e., soleus) (18, 22, 29, 36) . The slow oxidative regions of mixed muscles (such as the medial gastrocnemius) also show increases in the proportion of fibers containing type II MHC in response to HS or SF (15) .
It is important to determine the types of MHC expressed in muscles and individual fibers under conditions of altered loading because the MHC molecule plays a major role in regulating the velocity of unloaded shortening (3-5, 16, 17, 20, 21, 26) , the curvature of the force-velocity relationship (5) , and the myofibrillar adenosinetriphosphatase (ATPase) activity of single fibers (32) . The MHC molecule is also the primary molecule involved in determining the histochemical myofibrillar ATPase-staining characteristics of a fiber (25) . In rats, at least four adult MHC isoforms are expressed in the hindlimb muscles. These MHC isoforms have been identified as slow type I (b-cardiac) and as fast isoforms IIa, IId/x (henceforth IIx), and IIb (2, 24, 34) . Recent data have also demonstrated the existence of multiple slow type I MHC isoforms (8, 13) ; however, the physiological significance of these multiple slow isoforms is not yet known.
There is an increase in the proportion of the type IIx MHC isoform in the soleus muscle (normally composed of types I and IIa only) of rats after 6 days of SF (6) or 14-31 days of HS (1, 7, 8, 19, 27) . However, the distribution of the type IIx MHC relative to other isoforms in individual fibers of unloaded muscles is unknown. Therefore, in the present study we have determined the MHC composition of whole rat soleus muscles and single soleus fibers after 14 days of either SF or HS. We have 1) quantified the changes in MHC isoform content in the slow soleus muscle, 2) determined the distribution of type IIx MHC relative to other MHC isoforms in soleus muscle fibers, and 3) compared the effects of SF and HS on the MHC content of single fibers in the rat soleus muscle.
MATERIALS AND METHODS
Experimental animals. Male Czechoslovakian Wistar rats were assigned to three groups (n 5 5/group): 1) ground-based synchronous control, 2) 14-day SF, and 3) 14-day HS (Cosmos 2044). A detailed description of each of these groups has been published previously (see Refs. 11, 15, 18) . Body weights and soleus wet weights for these animals also have been reported (15, 18) . The soleus mass was decreased by 25 and 34% in the SF and HS rats, respectively (18) .
The SF rats were killed 8-12 h after return to 1 G. The control and HS rats were killed on a similar time schedule (15) . The soleus was excised, frozen in melting isopentane, and stored at 270°C until analyzed. Cross sections (10 µm thick) from the midbelly were taken on a Reichert-Jung 2800 Frigocut E cryostat microtome and placed on chrome/alumcoated slides in preparation for immunohistochemistry. Thirty midbelly cross sections (20 µm thick) were pooled and placed in precooled (220°C) microcentrifuge tubes and stored at 270°C in preparation for myofibrillar protein isolation.
Sodium-dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Isolated myofibrils were prepared from the cross sections that were stored in microcentrifuge tubes according to a modification (31) of the procedure of Thomason et al. (35) . MHCs were separated by SDS-PAGE according to Talmadge and Roy (28) . The SDS-PAGE gels were stained, photographed, and scanned with a Pharmacia LKB Ultroscan laser scanning densitometer for the quantification of MHC isoforms (28) .
Immunohistochemistry. Immunohistochemical analysis of MHC content in individual fibers was performed as described by Talmadge et al. (31) . Briefly, serial cross sections were stained by using a series of monoclonal antibodies (MAbs; primary antibody) specific to rat MHC isoforms (see Table 1 for MAb specificity). The avidin-biotin immunohistochemical procedure was used for the localization of primary antibody binding. One hundred fibers from the central region of the cross sections per muscle were analyzed for MHC content as determined by MAb binding. Stained cross sections were photographed on an Olympus BH-2 microscope with a Nikon camera attachment.
Statistical analysis. All data are presented as means 6 SE. Group differences were determined by a one-way analysis of variance (ANOVA) followed by Bonferroni's post-ANOVA test with the a-level set at P , 0.05.
RESULTS

SDS-PAGE analysis of MHC.
The control soleus contained a mean of 91 6 2% type I and 9 6 2% type IIa MHCs ( Figs. 1 and 2 ). Both HS and SF resulted in a significant increase in the proportion of type IIx MHCs (5 6 1% in HS and 4 6 1% in SF) but no significant change in the proportion of either type I (86 6 2% in HS and 86 6 3% in SF) or IIa (9 6 1% in HS and 7 6 1% in SF) MHC isoforms (Fig. 2) . The type IIb MHC isoform was present in the soleus of some SF rats (3 6 2%) but was not significantly different from control.
Immunohistochemistry. In control rat soleus, most fibers were labeled with MAb slow but were negative for all other MAbs (e.g., fiber I in Fig. 3 ). These fibers contained type I MHC only. A smaller proportion of fibers were labeled with MAb 71, but not with F3, D9, or slow, demonstrating that they contained type IIa MHC only (e.g., fiber a in Fig. 3 ). Some fibers in the control soleus reacted positively with MAbs slow and 71 but not with F3 or D9; therefore, these fibers (not shown) contained both types I and IIa MHCs and were classified as hybrid fibers. Also, a few fibers in the control soleus stained positively with MAbs 71 and D9 but not with slow or F3; these fibers (not shown) contained both types IIa and IIx MHC isoforms. In both the HS and SF rats, more fibers stained positively with D9, indicating an increase in the proportion of fibers with either type IIx or IIb MHCs relative to control. Because in most cases there was no labeling with MAb F3, these fibers contained type IIx MHC. In HS and SF rat soleus, the type IIx MHC was observed in combination with types I, IIa, and/or IIb MHCs (e.g., see fibers Ix and ax in Figs. 4 and 5) . No fibers in any group were labeled by MAbs G6 and B6, suggesting that neither embryonic nor neonatal MHCs were present (data not shown).
Only type I MHC was found in 88 6 3% of the control fibers while 6 6 3% contained only type IIa, 6 6 3% contained both types I and IIa, and ,1% had both types IIa and IIx MHC isoforms (Fig. 6 ). Both HS (68 6 1%) and SF (65 6 7%) resulted in decreases in the proportion of fibers with only type I MHC (Fig. 6 ). The proportion of fibers containing only type IIa MHC was ,1% after both HS and SF compared with 6% in controls (Fig. 6 ). HS and SF also resulted in increases in the proportion of hybrid fibers (Fig. 7A) , the proportion of fibers containing multiple isoforms of type II MHC (Fig. 7B) , and the proportion of fibers containing IIx MHC (Fig. 7C) . However, the proportion of fibers Each monoclonal antibody (MAb) bound to specific myosin heavy chain (MHC) isoforms as determined by Schiaffino et al. (24) and suppliers' instructions. 1, Positive reaction for MAb with specific MHC isoform; 2, no reaction for MAb and MHC isoform. Antibody G6 reacted primarily with embryonic (Emb) MHC; however, this MAb also bound type IIb MHC at a lower intensity (1/2). Neo, neonatal. In soleus of control rat, only types I (I) and IIa (a) were evident. In soleus of hindlimb-suspended rat, type IIx (x) MHC isoform is prominent in addition to types I and IIa. In spaceflight rat soleus, type IIx was prominent, as well as types I and IIa, and type IIb (b) was present. containing at least some type I MHC was similar in all three groups (Fig. 7D) .
DISCUSSION
The proportion of type IIx MHC in the rat soleus after 2 wk of HS ranges from 0 to 6% and appears to increase thereafter (1, 8, 19, 27) . Increases in the mRNA that code for type IIx MHC have been reported for the slow vastus intermedius muscle after 31 days of HS (1). Although mRNA data were not reported for the soleus muscle, it was demonstrated that both the vastus intermedius and the soleus had large increases in type IIx protein after HS (1) . Therefore, the HS-induced increase in type IIx protein expression is most likely regulated at the mRNA level. In the only previous study to determine the amounts of type IIx MHC in the soleus after SF, it was reported that 10% of the soleus MHC pool was type IIx after a 6-day flight (6). We observed that only 4% of the MHC in the soleus was type IIx after a 14-day flight. However, after the 6-day flight no type IIb MHC was observed in the soleus (6), whereas after 14 days type IIb MHC was present in some rats and accounted for a mean of 3% of the total MHC pool. Thus it appears as though the additional duration of SF in the present study resulted in a further conversion from type IIx to IIb MHC. Because fibers containing type IIb MHC exclusively have faster contractile velocities than do fibers with type IIx MHC exclusively (4), the additional duration of flight resulted in a further adaptation toward a faster MHC isoform. Increased expression of type IIb MHC mRNA has been reported for predominantly slow muscles (e.g., vastus intermedius) and muscle portions (e.g., red vastus lateralis) after 9 days of flight (12) . At this time, MHC mRNA data are not available for the soleus after SF. Fig. 3 . Serial cross sections of control soleus stained with monoclonal antibodies directed against specific MHC isoforms (see Table 1 The proportion of the MHC isoforms in the soleus after 14 days of HS at both the whole muscle and single-fiber levels was similar to that found after an equal duration of SF in rats treated nearly identically, substantiating the use of HS as a ground-based model for studying MHC adaptations in response to SF. The only obvious difference between HS and SF was the presence of the type IIb MHC isoform in some SF rats but not in HS rats.
After 15 and 30 days of complete spinal cord transection at a midthoracic level in rats, there is an increase in the proportion of type IIx MHC in the soleus muscle (31) . Also, after 30 days of spinal transection, some soleus fibers express type IIb MHC. Thus high proportions of hybrid fibers and fibers containing multiple type II MHCs are present after HS and SF (Fig. 6) as well as after spinal cord transection (31) . These data suggest that the types of MHC expressed in slow extensor muscles are modulated by the amount and/or pattern of loading.
Despite the projected differences in the amounts of electrical activation of the soleus associated with HS, SF, and spinal cord transection (22, 29) , the MHC adaptations that occur are similar. The common feature among these three models is the phenomenon of unloading of the predominantly slow postural muscles of the hindlimb, such as the soleus (22, 29) . Thus the high level of expression of multiple MHCs in single fibers, principally being type IIx plus some other isoform(s), appears to be a defining characteristic of the adaptation induced by unloading of slow postural rodent muscle.
The data are consistent with a progression of MHC isoform expression from type I = IIa = IIx = IIb after the imposition of non-weight bearing by either HS or SF; however, the rate at which these transitions occur appears to be quite rapid and results in fibers that contain more than two different MHC isoforms at a given time. For example, in the present study, fibers were found to contain isoforms I/IIa/IIx, IIa/IIx/IIb, or even all four adult MHCs simultaneously. Also, it appears that at least some fibers may have the capacity to adapt from type I MHC expression to type IIx MHC expression without expressing type IIa MHC protein. This observation suggests that the progression from type I = IIa = IIx = IIb MHC expression by an individual fiber does not have to occur in a discrete ordered fashion. It is possible that the colabeling for multiple MHCs in single fibers after unloading reflects only a transition from the expression of one MHC to another at the stage at which these muscle fibers were analyzed. More prolonged periods of unloading may result in the MHC content of the individual fibers becoming uniform. Colabeling of multiple MHCs within a fiber also could occur as a result of different myonuclei expressing different MHCs or the expression of multiple MHC isoforms by a single myonucleus. The latter possibility has been reported to occur under conditions of chronic electrical stimulation-induced myosin isoform shifts (Ref. 14 and B. Russell, personal communication).
As shown in Fig. 6 , the expression of the type IIx MHC isoform is normally restricted to a very limited population of fibers that also contain type IIa MHC in control rat soleus. However, after either HS or SF the type IIx MHC was found in combination with types I, IIa, and/or IIb MHCs. This finding is similar to that observed after spinal cord transection; i.e., after 15 or 30 days of spinal cord transection in the rat, the type IIx MHC isoform is expressed in combination with MHC isoforms I, IIa, and/or IIb in the soleus muscle (31) . Thus type IIx MHC expression does not appear to be restricted to any particular type (fast or slow) of preexisting fiber in the soleus under conditions of chronic non-weight bearing. This observation suggests that at least some of the myonuclei of both fast and slow fibers in the soleus are capable of expressing type IIx MHC under appropriate conditions.
Although type IIx MHC expression apparently is not restricted to a particular type of fiber, it is not expressed by all fibers after 14 days of either HS or SF despite unloading of all fibers. A number of factors could be responsible for this nonhomogeneous expression of type IIx MHC. For example, the amount of activation of individual fibers is unknown and is likely to be highly variable. Previous studies in cats, however, have shown that even when a muscle is rendered completely electrically silent by spinal cord isolation and all fibers in extensor muscles are presumably unloaded, all of the fibers in the muscle do not respond in a similar manner. For example, after 6 mo of spinal cord isolation, the cat soleus (normally 100% slow) is composed of a mixture of fiber types, with some fibers that contain only slow, others that contain only fast, and still others that contain both slow and fast MHCs (10, 33) . Thus some fibers adapt more readily than do others despite apparently similar activation and loading conditions. Clearly, factors other than electrical activation and loading play a role in determining the MHC characteristics of a fiber (30) . (9) . Other studies have shown that if a muscle fiber contains two MHCs, then the contractile velocity will increase in linear proportion with the percentage of the faster MHC (17, 20) . Unfortunately, the proportions of MHC in a fiber could not be determined with the immunohistochemical techniques used in the present study. Also, it was found that some fibers contained both types I and IIx MHCs, with or without type IIa, after HS; to date no study has reported the contractile properties of a fiber with such a MHC composition. However, it is expected that the types I and IIx MHC fibers would show an increased contractile velocity because fibers containing the type IIx isoform exclusively are associated with contractile velocities that are three times faster than those of fibers containing only the type I isoform (4) . The increase in the proportion of fibers with faster MHCs would result in faster contractile properties at the whole muscle level (see Ref. 23 for a review). Thus the increase in contractile velocity of the slow soleus muscle after HS (23) appears to be highly correlated with the types of MHC expressed.
Perspective. Unloading induced by either SF or HS resulted in the expression of type IIx MHC in both preexisting fast and slow fibers in the soleus muscle of rats. Thus the expression of type IIx MHC is not restricted to a particular fiber type in the unloaded rat soleus. These data strongly imply that load can be an important factor in regulating the MHC characteristics of a fiber. Further, the results of this study indicate that HS is an excellent ground-based model to study the adaptations of the myosin molecule to weightlessness.
